The objective of the present study was to evaluate the quality and intensity of the tissue response to two synthetic hydroxyapatites implanted in critical defects in the skulls of rats. Sixty animals were divided into three experimental groups: I (control), II (HA-1 = HA with 28% crystallinity) and III (HA-2 = HA with 70% crystallinity). They were sacrificed 1, 3, 6, and 9 months after implantation (n = 5 individuals per group/period). Histomorphometric analysis included i) counting of polymorphonuclear leucocytes, mast cells, macrophages and foreign body multinucleated giant cells stained with anti-lysozyme; ii) microvascular density stained with anti-Factor VIII and iii) degree of cell proliferation stained with anti-PCNA. There were no significant differences between the experimental groups in either the quality or quantity of cells in the inflammatory infiltrate, or the degree of angiogenesis and cell proliferation. We conclude that HA-1 and HA-2 are biocompatible and that the physico-chemical differences of these biomaterials did not affect cellular response.
Introduction
Nowadays, several different materials are clinically employed on both functional and esthetic rehabilitation [1] [2] [3] [4] . Prominent among the alloplastic materials used on bone surgery are calcium phosphates, specially hydroxyapatite (HA), which displays variable physicochemical and morphologic properties such as crystallinity, solubility, size and shape of pores, granulometric distribution, to mention a few. The controlled production of synthetic bone materials with selected physicochemical characteristics, as compared to the use of autogeneic grafts, eliminates the need for a second surgical site, thus reducing surgical time and morbidity. It also increases patient safety by eliminating the potential for disease transmission.
Solubility properties of biomaterials are closely related to biocompatibility and chemical reactions to other compounds. The solubility rate of hydroxyapatite depends on differences in Ca/P ratio, porosity, crystal size, and crystallinity 5 . Particularly, poor crystalline HAs are more soluble than sintered highly crystalline HAs 6 . Biological dissolution of these materials releases local concentrations of divalent ions, which may influence mineralization 7 . Therefore, hydroxyapatites with high crystallinity are chemically more stable 8 and interfere with cell proliferation by decreasing in vitro cell adhesion 9, 10 . A previous study from our group 11 showed, however, that new bone formation occurs at very similar levels on critical defects from rat calvaria in contact with HAs of extremely different crystallinity levels, corroborating evidences from other studies in the literature 12, 13 .
Despite advances in the development of biomaterials, there are still gaps in the understanding of the biologic response to implanted materials. It is well known, however, that once the biomaterial is introduced into the body, a sequence of events takes place in the surrounding tissues, which may culminate with the formation of foreign body giant cells and a fibrous capsule [14] [15] [16] [17] .
Blood coagulation starts the inflammatory stage of wound healing and the diffusion of chemoattractants (growth factors from platelets) attracts polymorphonuclear neutrophils (PMN), followed by monocytes from blood. In parallel to cell migration and proliferation, cells (fibroblasts) synthesize extracellular matrix (ECM) proteins depositing them from the margin of the wound inward. PMN and macrophages characterize respectively the acute and chronic phases of inflammation. Histamine and heparin, released from mastocytes, both control key events in the inflammatory response to implanted biomaterials, as well as the foreign body reaction intensity by mastocyte-derived interleukins 18 . The chronic phase is established by migration of monocytes and accumulation of plasma cells, lymphocytes and macrophages, being the latter an essential component to the transition from the inflammatory to the proliferative stage of wound healing. The wound healing response to implanted biomaterials exhibits a foreign body reaction, formation of granulation tissue and angiogenesis from proliferating endothelial cells 19, 20 . Particularly for bone grafts, angiogenesis plays a pivotal role in osteogenesis and osseointegration, by delivering pericytes which are able to differentiate in osteoblasts 21 .
The chemical properties of the surface of the biomaterial may change the behavior of macrophages in processes such as adhesion, apoptosis, fusion and cytokine secretion 22 . However, until now, there is no data about the prevailing cells involved in the tissue response to HA with different cristallinity. This information would be useful to improve the knowledge of the mechanism of bone formation and to direct the development of new biomaterials. Therefore, the objective of the present study was to evaluate the quality and intensity of the tissue response to two synthetic hydroxyapatites with different physical and chemical properties implanted in critical defects in the skulls of rats, contributing to better understand the tissue response to hydroxyapatite.
Materials and Methods

Production of granular hydroxyapatite
Different hydroxyapatite powders were synthesized by a wet method and granules were produced by pressing and calcination, resulting in two distinct products for implantation 11 . Briefly, two powders of hydroxyapatite with Ca/P molar ratio of 1.60 and 1.67 (HA-1 and HA-2, respectively) were synthesized by Brazilian Center for Physics Research (CBPF). Discs of hydroxyapatite were produced from each powder by uniaxial compression using a steel matrix followed by heat treatment, in order to remove the porogenic agent and increase mechanical strength. The discs were crushed and classified to obtain granules in the range between 250 and 1,000 µm. The granules were washed, dried and sterilized using gamma radiation 11 .
Animals and implantation procedure
All procedures followed the guidelines of the Brazilian College of Animal Experimentation (COBEA), and were approved by the animal research ethics committee of the School of Dentistry of Bauru (USP, CEEPA ref. 18/2004 ). Briefly, sixty male five-month-old Wistar rats (Rattus norvegicus), weighing about 350 g, were randomly divided into three groups of 20 each: (I) control, (II) HA-1 and (III) HA-2 respectively. Five animals of each group were sacrificed at 1, 3, 6 and 9 months respectively after the surgical procedure. Tricotomy and incision were performed at the frontal-parietal region of each rat under general intramuscular anesthesia with xilazane 2% (Rompun, Bayer-S.A, São Paulo, SP, Brazil) and ketamine 5% (Ketalar, Achë S.A, Butantã, SP, Brazil), in a 1:1 proportion. A perforation throughout the whole thickness of the diploe was performed with an 8.5 mm external diameter surgical trephine and continuous irrigation with saline solution. At the respective experimental periods the rats were killed with anesthetic overdose, their skulls were removed and fixed in 10% buffered formaldehyde during one week. The specimens were then demineralized in a solution of EDTA (Merck, Germany) pH 7.2 for a period of approximately four months with weekly solution exchanges and processed for paraffin embedding.
Microscopic analysis
Descriptive microscopic examinationhematoxylin and eosin (H&E)
Photomicrographs were made from the histological sections stained with hematoxylin and eosin using a Sony ® Cyber-shot P93 digital camera in manual mode, 3x zoom, at 2,592 x 1,944 pixels, mounted on a Jenaval Zeiss trinocular optic microscope with a 100x objective. In each section obtained from each animal approximately 40 non-overlapping fields were photographed, for a total of 2,364 digital images. In these images the presence of inflammatory cells such as polymorphonuclear leucocytes, mast cells and foreign body giant cells was assessed.
Descriptive microscopic examinationimmunohistochemistry
Semi-serial 5 µm thick sections were obtained from the paraffin blocks and processed. Briefly, paraffin sections were submitted to deparaffinization in xylene, followed by rehydration in decreasing alcohol solutions, ion blocking in 2% borax and endogenous peroxidase blocking with a 3% H 2 O 2 solution in PBS for 15 minutes. Antigen retrieval was achieved in phosphate-citrate buffer (pH 6.0) for anti-lysozyme and anti-factor VIII only. BSA+ free-fat milk for 15 minutes blocked unspecific antigens for all antibodies used. Primary antibodies were diluted by 1:400 (anti-PCNA: #JM3350R-100, MBL International, Woburn, MA, USA), 1:600 (anti-lysozyme: #A0099, Dako Denmark ® ) or 1:400 (anti-Factor VIII: #A0082, Dako Denmark ® ) and incubated with the histological sections for 30 minutes. Afterwards, sections for PCNA immunostaining were incubated with LSAB+ System-HRP kit (#K0690, Dako Denmark ® ), and lysozyme and factor VIII with Envision+ System-HRP (#K4003, Dako Denmark ® ), followed by staining with a chromogen solution (3,3'-Diaminobenzidine-K3468, Dako Denmark ® ) for 3 minutes. Finally, the slides were counterstained with Harris's haematoxylin and mounted. All rinses were performed three times in 0.1% PBS/ Triton-X. Antibodies were diluted in 0.1% PBS/BSA. Negative controls were performed replacing the primaries antibodies for the same PBS/BSA solution.
The temporo-spacial distribution of immunopositive macrophages was determined with anti-lysozyme, the microvascular density was determined with anti-Factor VIII, and cell proliferation was identified and measured with anti-PCNA. The anti-lysozyme and anti-Factor VIII images were captured with a Canon ® PowerShot A95 digital camera in automatic mode, 3.0 zoom at 2,502 x 1,944 pixels, mounted on a trinocular optic Jenaval Zeiss ® trinocular optic microscope using a 40x objective. In each section from each experimental animal, 10 randomly selected, non-overlapping fields were photographed, for a total of 1,200 digital images. The sections immunostained with anti-PCNA were photographed with an Evolution™ MP video camera (Media Cybernetics, Bethesda, MD, USA) mounted on a Nikon ® Eclipse E400 optical microscope using a 20x objective. In each section from each animal 10 randomly selected, non-overlapping fields were recorded for a total of 600 digital images.
Histomorphometric analysis
The histomorphometric analysis was accomplished with an Image Pro Plus ® system (Media Cybernetics). In the H&E sections, the cell counts were performed manually. In the sections stained for lysozyme/ Factor VIII all cells positive for lysozyme were counted, the macrophages being also identified by their morphology, and the microvascular density was evaluated, with the aid of a grid, by counting only vessels positive for Factor VIII with an internal diameter of less than 50 µm. In the PCNA sections, the area (mm 2 ) occupied by proliferating cells was measured and normalized by the total area of the connective tissue in each section.
Statistical analysis
The data analysis was performed by comparison of the means within each of the groups, namely Control, HA-1 and HA-2, and within each experimental time period (1, 3, 6 and 9 months). Kruskal-Wallis tests, complemented with the tests of Dunn and Mann-Whitney, were used to determine significance at p < 0.05, since the differences among the standard deviations were extremely significant.
Results
Descriptive histological analysis
One month
In the control group, the inflammatory infiltrate was typical of the chronic phase, with only a few polymorphonuclear leucocytes near the blood vessels (Figure 1a ). The predominant inflammatory cells were mononuclear, suggestive of macrophages (Figure 1b ). There were, however, cells suggestive of mastocytes scattered throughout the connective tissue (Figure 1c ). The distribution of microvessels was homogeneous throughout the connective tissue (Figure 1d ). The cellular proliferation was discrete and scattered in the connective tissue, suggestive of inflammatory cells and fibroblasts (Figure 1e ).
In groups II and III (with granular HA), the distribution of polymorphonuclear cells and mast cells was similar to that in the control group. The macrophages were more abundant around the biomaterial. Multinucleated foreign body giant cells were found around the HA granules suggesting an attempt to absorption (Figure 1f ). The distribution of microvessels was homogeneous. The proliferating cells were close to the biomaterial, being suggestive of inflammatory cells.
Three months
In the control group there was a reduction in the inflammatory infiltrate, particularly in the number of macrophages. Microvessels were similar to the previous period, but cell proliferation was more accentuated. In group II, the tissue around the biomaterial was similar to that in the previous period but angiogenesis was more intense than in the control group. Group III presented a larger number of macrophages than groups I and II.
Six months
In control group, the inflammatory mononuclear infiltrate and cell proliferation was less pronounced than in the previous period, but angiogenesis persisted. Groups II and III revealed a microscopic appearance similar to that of the previous period, with mast cells scattered through the connective tissue.
Nine months
In the control group, mononuclear inflammatory infiltrate and cell proliferation were discrete, with fewer macrophages than in one month samples. Similar features were observed in groups II and III.
Histomorphometric analysis
The concentration of polymorphonuclear cells (Figure 2a ) and mast cells (Figure 2b ) showed no statistically significant difference (p > 0.05) between the groups in any of the periods, but the number of mast cells evidently denote a decrease throughout the experimental period. Macrophages were the most abundant counted cells one month after implantation, and decreased significantly (p < 0.05) in the next period except for HA-2 (p < 0.01), which promoted the opposite effect (Figure 2c ). Despite the fact that the absolute value of macrophages/mm 2 in the HA-2 group was 4.7 times greater than in the HA-1 group after 3 months, the p value was 0.077.
The control group did not show multinucleated foreign body giant cells (Figure 2d) , and there was no significant difference (p > 0.05) in their numbers between HA-1 and HA-2 (Figure 3) during the studied periods.
Counting vessels with an inner diameter of less than 50 µm (Figure 4 ) allowed determining the decrease in the microvascular density (Figure 2e , p < 0.05) between 1 and 9 months in HA-2.
Microvascular density increased (p < 0.05) in HA-1 as compared to control group at 3 months. No significant changes in microvascular density occurred in the control group.
The number of proliferating cells predominated in the third month for control group, decreasing afterwards (p < 0.05, Figure 2f ). In the HA groups, proliferating cells predominates in the first and second experimental periods, decreasing in the subsequent periods, but without significant differences (p > 0.05) within groups.
Discussion
Since the beginning of 20 th century biomaterials have been intensely used to replace and augment damaged tissues 23 . Improving the knowledge on bone structure and biology in response to implanted materials have led to the development of new bioactive materials 24 .
In this study we showed for the first time that, when comparing the tissue response to hydroxyapatites with cristallinity of 28 and 70% (HA-1 and HA-2, respectively), no changes occurred in the kind or number of inflammatory cells recruited in response to its implantation in critical size bone defect.
Both HA-1 and HA-2 are biocompatible, since they did not damage the host tissue and allow the apposition of new bone near defect borders, in direct contact to their surfaces. The presence of hydroxyapatite granules in the scar tissue is also indicative of their participation in bone repair, as these remaining biomaterials become part of the bone mass of the grafted region 25 .
The defect produced in this animal model served as a "critical size defect" (i.e., a defect with the diameter at which regeneration does not occur). In no control-group animal the defect was completely filled with bone, as has been reported elsewhere 26, 27 . The control group (negative control) showed only an inflammatory reaction resulting from the surgical procedure 22 and the usual repair processes of injured bone, without increase in microvascular density nor significantly different cell proliferation when compared with groups HA-1 and HA-2. This is consistent with tissue reaction and cicatrisation induced by bone defects, as previously described 28 . Rare polymorphonuclear cells were found but almost exclusively near the blood vessels from which they came, and not around bone or biomaterials, and rarely dispersed throughout the connective tissue. The number of PMN cells also tended to decrease with time.
Mast cells, mediators of the inflammatory response to biomaterials, contribute significantly to the extent and degree of foreign body reaction, because they play an important role in the recruitment of phagocytes to the biomaterial implantation site, including macrophages 29 . In this study, scattered mast cells were found in the connective tissue of all three experimental groups, and their presence decreased with time, indicating that the presence of these biomaterials, as well as their crystallinity differences, did not affect host response.
Fast degradable calcium phosphate ceramics are decomposed by macrophages and giant cells, while the slowly degradable ones are decomposed by osteoclast-type cells, in a process which may take months-years 30 . According to Kelly and Schneider 31 , both osteoclasts and foreign body multinucleated giant cells can be responsible for resorption. In the present work, macrophages were concentrated around the biomaterials and their disappearance along the experimental time intervals was associated with the increase of multinucleated giant cells, probably attempting to segregate and digest foreign materials. We were unable to determine in our study whether the multinucleated cells were osteoclasts, and no sign of HA degradation was observed, since particle-phagocytosis trough macrophages was not observed likewise. Macrophages and giant cells are able to phagocyte particles of around 10 µm, what may result in the accumulation of calcium in mitochondria and provoke cell death 32 . Macrophages in contact to particles are also able to produce TNF-α and inflammatory cytokines 33 , inducing osteoblasts to release IL-6 34 .
Angiogenesis is also essential to the proper development of bone because the bone implant requires early vascularization 35 to provide pluripotent perivascular cells (pericytes) capable of differentiating into osteoblasts [36] [37] [38] [39] . The amount of vessels with an inner diameter of less than 50 µm indicates the level of angiogenesis 40, 41 . In this work, there were no significant changes in angiogenesis after HA implantation.
Cell proliferation is most intense near the implant, where the morphology of the PCNA-immunostained cells is suggestive of mononuclear inflammatory cells 42 . Near the bone border the cell proliferation is less intense, where the immunostained cells are suggestive of osteoblasts involved in new bone formation 11 . In the control group, the proliferating cells were less numerous than in the groups with biomaterials; also, they were dispersed in the entire defect and suggestive of inflammatory cells and fibroblasts. In this group, their increase between months 1 and 3 may be related to tissue repair. Therefore, hydroxyapatite, is adequate for the filling of alveoli after tooth extraction, allowing preservation of the mucosal contour for the subsequent placement of osteointegrated implants 43, 44 , and in elevation of the maxillary sinus regardless of whether it is followed by an implantation 45 , in a manner which is independent of its crystallinity.
Conclusion
No significant differences in either the quality or quantity of cells in the inflammatory infiltrate between the experimental groups were observed. Also the degree of angiogenesis and cell proliferation was quite similar. We can conclude that HA-1 and HA-2 are biocompatible and that the physico-chemical differences of these biomaterials did not affect cellular response.
